Abstract. this study was designed to identify epigenetically regulated genes and to clarify the contribution of epigenetic alteration to acquired resistance to epidermal growth factor receptor-tyrosine kinase inhibitors (egfr-tKis). We established a gefitinib-resistant lung cancer cell line, PC9, which was originally gefitinib-sensitive, by serial long-term exposure to gefitinib. RNA and DNA were collected from both gefitinib-sensitive and -resistant PC9 cells, and comprehensive DNA methylation and mRNA expression analyses were performed using Infinium HumanMethylation27 Bead Arrays and Agilent SurePrint G3 Human Gene Expression 8x60K Array, respectively. DNA methylation was increased in 640 genes in gefitinib-resistant cells compared to parental cells. Among them, we selected 29 candidate genes that presented a decrease in mRNA expression in resistant PC9. We further studied four of the selected genes (C10orf116, IGFBP3, KL, and S100P) and found that KL or S100P silencing by sirna induced a decrease in gefitinib sensitivity compared to that in the negative control in PC9. In conclusion, KL and S100P could be potential targets to overcome resistance to EGFR-TKIs.
Introduction
lung cancer is the leading cause of cancer-related deaths worldwide. non-small cell lung cancer (nSclc) accounts for ~85% of lung cancers (1) . The median survival time of patients with advanced NSCLC is <1 year (2) . epidermal growth factor receptor (egfr)-targeted therapy, using epidermal growth factor receptor-tyrosine kinase inhibitors (egfr-tKis), for patients harboring EGFR mutations such as exon 19 deletions or the L858R point mutation in exon 21, is one of the most accepted and well-studied molecular targeted therapies to date (3) (4) (5) . Despite a high proportion of response to egfr-tKis, many patients with EGFR mutations will relapse and eventually develop resistance to EGFR-TKIs. Recently, several studies have already elucidated the mechanism underlying acquired resistance to EGFR-TKIs in NSCLC harboring EGFR mutations. We have previously reported the role of FGF2-FGFR1 activation as one of the mechanisms of acquired resistance (6) . However, the mechanisms of acquired resistance are not yet fully understood.
epigenetic modifications play an important role in the control of gene expression in mammalian cells. recently, aberrant DNA hypermethylation of CpG islands in the gene promoter region has become one of the major mechanisms for silencing tumor suppressor or other cancer-associated genes such as O6-methylguanine-DNA methyltransferase (MGMT), p16, RARb, TIMP-3, and DAPK in lung cancer cells (7, 8) .
Furthermore, DNA hypermethylation is often associated with responses to chemotherapy (9) . One classical example is that MGMT promoter methylation in gliomas is a useful predictor of tumor responsiveness to the alkylating agent carmustine as well as a predictor of overall and disease-free survival in gliomas (10) .
In addition, drug-induced DNA hypermethylation could be a mechanism that modifies tumor cell response to chemotherapeutic agents (11) (12) (13) (14) (15) . therefore, one possible reason for the development of chemoresistance in NSCLC might be the epigenetic inactivation of certain tumor suppressor genes due to chemotherapy treatment. Since most studies have focused on a limited number of candidate genes, many epigenetically silenced tumor suppressor genes involved in cancer-chemoresistance remain unidentified (12, 14) . Microarray-based screen pairing of the differential genetic profile of chemosensitive and chemoresistant cell lines have been reported (16) (17) (18) (19) (20) (21) . However, only few reports focused on the relationship between egfr-tKi resistance and aberrant DNA methylation (22, 23) . Furthermore, DNA demethylating agent, 5-azacytidine, might increase the cellular sensitivity to gefitinib and control NSCLC cell growth and apoptosis (24) . In this study, the cells described in a previous report (6) were used. PC9 gefitinib-resistant (PC9 GR), gr1, and gr3 cells acquired resistance to gefitinib through FGF2-FGFR1 activation. We further sought to clarify the additional mechanisms involved in gefitinib resistance, beside FGF2-FGFR1 activation.
to elucidate the key epigenetic regulation mechanisms responsible for gefitinib resistance, the global DNA methylation patterns of gefitinib-sensitive and -resistant lung cancer cell lines were compared.
Materials and methods
Cell lines. The human NSCLC cell line PC9 [EGFR exon 19 deletion (delE746-A750)] was used. PC9 was kindly gifted by S. Kobayashi (Beth Israel Deaconess Medical Center, Boston, MA, uSA) (25) . Cells were cultured in RPMI-1640 growth medium, supplemented with 10% fetal bovine serum (FBS) at 37̊C in a humidified 5% CO 2 incubator.
Establishment of PC9 GR, gr1
, and gr3 cells. We established gefitinib-resistant cell lines by long-term exposure to gefitinib as characterized previously (6) . FGFR1 and FGF2 expression was increased in PC9 GR cells compared to that in PC9 naïve (PC9 na) cells. Gefitinib-resistant clones were also established from PC9 GR cells, namely, PC9 GR1 and gr3. Proliferation of these PC9 GR cells (PC9 GR, gr1, and gr3) was partly dependent on the activation of the FGF2-FGFR1 pathway.
Reagents. the cell lines were treated with the following inhibitors as single agents at various concentrations. Gefitinib was a gift from Astrazeneca Pharmaceuticals (London, uK). 5-Azacitidine was purchased from Wako Pure Chemical industries (osaka, japan).
Cell proliferation assay. The MTS assay was performed according to the manufacturer's protocol by using CellTiter 96 AQueous One Solution Assay (no. G3582; Promega Corporation, Madison, WI, uSA). Briefly, 5x10 2 cells were seeded per well in 96-well plates and allowed to attach for 24 h. The cells were then treated with gefitinib at various concentrations. control cells were treated with the same concentration of the vehicle dimethyl sulfoxide (DMSO). Forty-eight or 72 h after treatment with the drugs, cell growth was analyzed.
Microarray analysis. Agilent SurePrint G3 Human Gene Expression 8x60K Array (G4851A; agilent technologies, inc., Santa clara, ca, uSa) was used to monitor the expression profiles of the samples. Total RNA was prepared using the RNeasy Mini kit (no. 74106; Qiagen, Hilden, Germany), and labeled crna was prepared using standard agilent protocols. the log 2 of the fold change to PC9 na was calculated for each sample by using geneSpring gX software (agilent technologies, inc.). these microarray data were deposited in the gene expression omnibus (geo) database under dataset accession no. gSe38302.
Infinium assay. Genomic DNA was extracted from cell lines by using a DNeasy Blood & tissue kit (Qiagen). aliquots (500 ng) of DNA were subjected to bisulfite conversion by using an Ez DNA Methylation-Gold kit (Zymo research, Irvine, CA, uSA). DNA methylation status of 27,578 CpG loci was examined at a single-cpg resolution by using the Infinium HumanMethylation27 Bead Arrays (illumina, San Diego, CA, uSA). After hybridization, the specifically hybridized DNA was fluorescence-labeled by a single-base extension reaction and detected using a BeadScan reader (illumina), in accordance with the manufacturer's protocols. the data were then assembled using genomeStudio methylation software (illumina). at each cpg site, the ratio of the fluorescence signal was measured using a methylated probe relative to the sum of the methylated and unmethylated probes, i.e., the so-called β-value, which ranges from 0.00 to 1.00, reflecting the methylation level of an individual CpG site.
Quantitative RT-PCR. total cellular rna was prepared from the cells by using an RNeasy Mini kit, and 1.0 µg of the RNA was then reverse transcribed to cDNA by using TaqMan Reverse Transcription Reagents (N8080234; Invitrogen life technologies, carlsbad, ca, uSa). for quantitative reverse transcription-polymerase chain reaction (RT-PCR) analysis, we used an ABI Prism 7000 Sequence Detection System (Invitrogen Life Technologies). Human glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used for normalization of input cDNA. The probe ID and primer sequences are available on request.
5-aza-dC treatment. PC9 cells were seeded at a density of 1.0x10 5 cells/well in 6-well plates on day 0 and then allowed to attach for a 24-h period. 5-Aza-2'-deoxycytidine (5-aza-dC) was then added at a final concentration of 1 µM. After 48 h, the medium was changed, and 5-aza-dC was added again at the same final concentration. Total RNA was extracted from all cells on day 5.
KL and S100P silencing by siRNAs. PC9 na cells were transfected with a final concentration of 20 nM of S100P siRNA, KL siRNA, or negative control siRNA (no. s194780 for S100P sirna and no. s225120 for Kl sirnA; Ambion, Grand island, ny, uSa). Silencer Select and negative control mix Silencer Select (ambion) were used according to the manufacturer's instructions. For transfection, siLentFect (no. 170-3361; Bio-Rad, Hercules, CA, uSA) was used according to the manufacturer's protocol. Knockdown of KL and S100P expression was confirmed using quantitative RT-PCR. For the viability assay, cells were seeded in 6-well plates at a density of 100,000 cells/well 24 h after transfection with S100P siRNA, KL siRNA, or negative siRNA control. The following day, the cells transfected with siRNAs were seeded in 96-well plates at a density of 500 cells/well and were incubated with four different doses of gefitinib for an additional 72 h. Cell viability was measured using the MTS assay. Cells treated with DMSO were used as the control.
Results
Analysis of DNA methylation changes associated with gefitinib resistance by Infinium assay. To identify DNA methylation changes associated with differential gefitinib sensitivity, we used PC9 na and isogenic gefitinib-resistant cell lines, PC9 GR, gr1, and gr3. We performed genome-wide DNA methylation profiling of PC9 GR, gr1, gr3, and PC9 na by using Infinium HumanMethylation27 Bead Arrays that comprise 27,578 CpG sites across >14,000 genes.
first, differentially cpg-methylated genes were extracted based on a significant increase or decrease of their beta score between PC9 GR, gr1, or gr3 and PC9 na. Following exposure to gefitinib, we identified 1,786 genes, which were hypermethylated in at least one of the PC9 GR cell lines compared to PC9 na cells, while only 840 genes were hypomethylated in at least one of the resistant cell lines compared with PC9 na cells, suggesting that hypermethylation occurs more frequently than hypomethylation during the selection process for acquired gefitinib resistance (fig. 1a) .
DNA methylation increased in 640 genes in at least two of the three gefitinib-resistant cell lines compared to PC9 na cells (Fig. 1A, left, shaded area) . In contrast, DNA methylation decreased in 152 genes in at least two of the three gefitinib-resistant cell lines compared to PC9 na cells (Fig. 1A,  right, shaded area) .
Association of DNA methylation and gene expression. in a second step, mRNA expression profiles of sensitive PC9 na cells and PC9 GR cell lines were analyzed using Agilent SurePrint G3 Human Gene Expression 8x60K Array. For each CpG on the Infinium HumanMethylation27 Bead Arrays, the corresponding gene was matched to the Agilent cDNA Microarray data by using the Entrez Gene ID. Signal intensity in the gene expression data was used as an indicator of the expression level.
We further screened for the genes of interest by identifying those that presented a decreased mrna expression in at least two of the three resistant cell lines. finally, we compared our candidate genes to those reported by other investigators to be downregulated through DNA methy lation in chemoresistant cell lines (15, 19, 26) . This approach allowed us to identify 29 genes that were downregulated in PC9 GR cell lines and presented a change in DNA methylation (Fig. 1B) in this study, we focused on four genes (C10orf116, IGFBP3, KL, and S100P) based on the expression pattern and previous reports, for further examination. The methylation change and expression of mrna from the array data are presented in fig. 2 . 
Confirmation of mRNA expression by quantitative RT-PCR.
Quantitative RT-PCR confirmed the observed microarray expression changes in the selected four genes (KL, S100P, C10orf116 and IGFBP3) ( fig. 3 ). these data indicated that the expression of the four genes was decreased in PC9 resistant cells.
Re-expression of target genes by 5-aza-dC treatment.
to make sure that the gene expression of the four genes was regulated by DNA methylation, we performed DNA demethylating experiments. Treatment with 5-aza-dC of PC9 GR cells caused the re-expression of two genes (KL and S100P) (fig. 4) . these findings indicated that S100P and KL were in part epigenetically silenced by methylation of CpG sites during gefitinib exposure.
Acquisition of gefitinib resistance after siRNA-mediated knockdown of KL and S100P in PC9 na cells. to determine whether decreased expression of KL and S100P affects the sensitivity of PC9 cells to gefitinib, we performed gene knockdown experiments by using sirna. Knockdown of KL and S100P were confirmed by quantitative RT-PCr (fig. 5a ). as expected, KL or S100P knockdown resulted in a partial gain of gefitinib resistance in PC9 na cells (Fig. 5B) .
taken together, these results demonstrated that the loss of KL and S100P expression is involved in the acquired gefitinib resistance of PC9 na cells.
Discussion
Previously, we demonstrated that the main mechanism underlying acquired resistance to gefitinib in the resistant cells PC9 GR, gr1, and gr3 involved the activation of the FGF2-FGFR1 pathway (6) . However, the inhibition of FGF2-FGFR1 pathway by a FGFR inhibitor or siRNA could not fully recover the sensitivity to gefitinib in the resistant cells. Thus, we hypothesized that other mechanisms may be involved in the acquired resistance to gefitinib. In this study, we focused on epigenetics as a potential mechanism.
epigenetics is defined as heritable genetic changes, which do not change the DNA sequence itself (26) . These changes include DNA methylations and chromatin modifications. epigenetics regulate multiple gene expression and play multiple important roles in various biological processes, including differentiation, imprinting, and oncogenesis (9) . In this study, we sought to clarify whether epigenetics have functional roles in acquired resistance to cancer treatments. We focused on aberrant DNA methylations occurring through acquired resistance to gefitinib, one of the clinically available EGFR-TKIs. Although there are many reports on the relationship between cisplatin sensitivity or resistance and DNA methylation (19, 20) , only few reports are available regarding the relationship between egfr-tKi resistance and DNA methylation, and none of them used a comprehensive approach (21) (22) (23) . In this study, two comprehensive analysis tools, cDNA microarray for gene expression and Infinium assay for DNA methylation, were used. Epigenetic gene regulation is a complex biological process that can change the expression of numerous genes. thus, we expected that the combination of the two comprehensive analyses could be a powerful tool to appropriately detect a number of subtle, but meaningful, epigenetic changes. as a result, 29 genes, which presented a decreased mRNA expression and an increased DNA methylation level, were identified in PC9 GR cells compared to parental PC9 na cells. We speculated that changes in these gene expressions might have some functional roles in acquired resistance to gefitinib. Of these 29 genes, two genes, KL and S100P, were found to be controlled by DNA methylation and have functional roles in acquired gefitinib resistance. Interestingly, the relationship between fgf2-fgfr1 pathway and KL was reported (22, 27) . although we were unable to identify a direct relationship between them in this study, decreased KL expression might influence the fgf2-fgfr1 pathway. the contribution of KL and S100P in the acquired resistance was relatively small compared to that of the fgf2-fgfr1 pathway (6), but significant. We expect that a collection of 'small' effects on acquired resistance can induce a biologically or clinically meaningful effect.
further studies aiming at elucidating the mechanisms involved in acquired resistance are warranted because these can help lung cancer patients who suffer from acquired resistance to egfr-tKi. Viability curves of PC9 naïve (PC9 na) cells transfected with siRNA against KL, S100P, or the negative control (Control siRNA) and treated with gefitinib at four different test-drug concentrations are presented. Data were normalized to each untreated control, set to 100%. Data represent the mean ± SD. * P<0.05, Student's t-tests: Control siRNA vs. KL siRNA-or S100P siRNA-transfected PC9 na cells treated with 1 µM gefitinib. siRNA-mediated KL or S100P knockdo wn rendered cells more resistant to gefitinib.
